Carnivores are an interesting model for studies of embryonic amino acid metabolism and ammonium (NH4+) toxicity given the high-protein content of their diets. Our objectives were to examine concentration-and stage-specific effects of essential amino acids (EAA; 0×, 0.125×, 0.25×, 0.5×, or 1.0× the concentrations in Minimum Essential Medium) and NH4+ (0, 300, or 600 μM) on the development and metabolism of feline embryos. The presence of EAA, regardless of concentration, during days 3-7 of culture increased (P < 0.01) the proportion of embryos that initiated hatching (>14.3%) and the total number of cells per blastocyst (>148.3 cells) compared to embryos cultured without EAA (0.0% and 113.2 ± 3.7 cells, respectively). The presence of EAA during days 1-3 (0.25×) and 3-7 (1.0×) of culture increased (P < 0.01) the proportions of embryos that formed blastocysts (82.9 ± 4.2%) and initiated hatching (32.9 ± 5.2%), and the number of cells per blastocyst (247.9 ± 12.1 cells), compared to control embryos (60.0 ± 5.3%, 0.0%, 123.2 ± 8.1 cells, respectively). The presence of NH4+ in the medium did not affect (P > 0.05) development of feline embryos. The addition of EAA or NH4+ during culture did not affect (P > 0.05) the production of Gln by feline embryos, but decreased (P < 0.05) production of Ala and increased (P < 0.05) production of urea. Additional work is needed to determine if our observations are unique to feline embryos or reflect an adaptation to a high-protein diet that is conserved in other carnivores.
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Introduction
Although embryos of many mammalian species will develop to the blastocyst stage in the absence of amino acids [1] [2] [3] , the inclusion of some or all of the amino acids in culture medium improves embryo development and viability [4] [5] [6] [7] [8] [9] . However, these effects are dependent on the type and concentration of the amino acids being evaluated and the developmental stage of embryos during exposure [7, 9, 10, 11] . In general, nonessential amino acids (NEAA) have beneficial effects when present at 0.5× or 1.0× the concentrations found in Minimum Essential Medium (MEM; 0.1 mM each) in both the early and late stages of culture [8] [9] [10] [11] [12] . In contrast, essential amino acids (EAA) have negative effects on early stage murine and bovine embryos, but a beneficial effect on later stage embryos from these same species [10, 11] . Since embryos developing in vivo are exposed to both NEAA and EAA in oviductal and uterine fluids [13] [14] [15] , the observed negative effects of EAA in culture are likely to be artifacts of the conditions tested or the concentrations used [12, 16, 17] .
One reason for some of the conflicting results regarding EAA in culture media may be the relationship between EAA and ammonium (NH4+) in the medium. When culture media are maintained at ≥37
• C, some amino acids, most notably glutamine, will breakdown, resulting in the accumulation of NH4+ in the medium [18, 19] . When glutamine is replaced by a more stable dipeptide (Ala-Gln or Gly-Gln [19, 20] ), spontaneous NH4+ production is reduced, but not eliminated [18, 19] . Ammonium is also produced when amino acids are metabolized by the embryo to provide precursors for the tricarboxylic acid cycle [5, 18, 21] . Essential AA appear to be the primary source of both spontaneous and metabolic NH4 [16, 18] . While the inclusion of EAA in the medium can be beneficial to embryo development, it must be balanced against the detrimental effects of the associated production of spontaneous and metabolic NH4+ [18, 22] . As with many aspects of embryo physiology, our understanding of embryo metabolism is largely limited to rodents, livestock species, and humans. Studies of other taxa, especially carnivores, are lacking. However, carnivores may be a particularly interesting taxon for studies of amino acids and NH4+ given the composition of their diets. In mice and cattle, increasing the concentration of protein in the diet can increase concentrations of urea and NH4+ in both blood and reproductive tract fluids, which can have negative consequences on embryo development [23] [24] [25] 26] . This may be due, at least in part, to the low-protein content of the diets of these species and the lack of an evolutionary adaptation to cope with excessive NH4+. In contrast, carnivores, especially obligate carnivores like cats, have a high concentration of protein in their diet, and have evolved specific mechanisms to control NH4+ accumulation in their bodies ( [27, 28] ). It is not known whether the physiologic mechanisms employed by cats for systemic control of NH4+ extend to the preimplantation embryo, thereby affecting the embryo's ability to tolerate NH4+ in the in vivo or in vitro environments.
Feline embryos will develop to the blastocyst stage in a variety of media, including media that were originally developed for different cell types [29, 30] , optimized for the embryos of other species [2, 5, 19, 31, 32] , or modified specifically for feline embryos [33] [34] [35] [36] . However, in vitro embryo development of feline embryos, especially the rate of cell division, is compromised compared to development in vivo, regardless of the medium used [33, 37] . Although many of these media contain amino acids, few attempts have been made to determine the specific role of amino acids on feline embryo development, including stage-and/or concentration-dependent effects [33] . Similarly, there is no information available concerning the sensitivity of feline embryos to NH4+. The objectives of the present study were to examine stage-specific and concentration-dependent effects of EAA and NH4+ on the development of feline embryos and the metabolism of the resulting blastocysts.
Materials and methods

Animal care and use
Domestic cat ovaries were collected from local veterinary clinics during routine ovariohysterectomies. Surgical protocols were not altered in any way to accommodate collection of tissues for this study, so approval by an Institutional Animal Care Use Committee was not needed.
General culture conditions
All cultures were performed in standard, tissue culture incubators maintained at 38.7
• C with maximal humidity. Due to the elevation of our laboratory (Lone Tree, CO, ∼1830 m above sea level), gas concentrations were increased to 7.5% CO 2 and 6.5% O 2 to provide the equivalent of ∼6% CO 2 and ∼5% O 2 at sea level. All media were prepared in our laboratory, filtered (0.22 μm; MillexGV, EMD Millipore, Billerica, MA, USA), and equilibrated for at least 4 h before use to achieve a final, equilibrated pH of 7.25 ± 0.05. Unless stated otherwise, all cultures were performed in media covered with oil (OvOil, Vitrolife, Englewood, CO, USA) in tissue-culture treated Petri dishes (Primaria, Corning, Corning, NY, USA).
Oocyte collection and maturation
Domestic cat ovaries were recovered from females >6 months old and maintained (∼5 • C) in 0.9% (w/v) NaCl containing 50 μg/ml gentamicin (Corning, Corning, NY, USA) for 2-3 h until processing. Cumulus-oocyte complexes (COC) were recovered by repeatedly slicing ovaries with a scalpel blade in HEPES-buffered Feline Optimized Culture Medium (FOCMH, 20 mM HEPES and 5 mM NaHCO 3 [33] ) supplemented with 40 U/ml heparin. Grade 1 COCs (multiple layers of compact cumulus cells and a uniformly dark cytoplasm) were matured (5 per 50 μl drop) in FOCM modified for oocyte maturation (FOCM IVM; Table 1 [38]) for 24 h in 7.5% CO 2 in air.
In vitro fertilization
Cryopreserved, ejaculated spermatozoa [39] were thawed (10 s in air and 30 s in a 37
• C H 2 O bath) and washed (10 min at 300× g) with FOCMH before use. Spermatozoa (5 × 10 5 sperm/ml) were diluted with FOCM modified for in vitro fertilization (FOCM IVF; Table 1 ) and coincubated with intact COCs (5 per 50 μl drop) for 22 to 24 h in 7.5% CO 2 in air.
Embryo culture
Following coincubation with spermatozoa (day 1), loosely bound spermatozoa and remaining cumulus cells were removed by repeated passage through a pulled Pasteur pipette. Presumptive zygotes and early embryos (5 per 20 μl drop) were cultured (7.5% CO 2 and [32] ). On day 3 of culture, the proportion of embryos that had cleaved (≥2 cells) was determined and all embryos containing ≥4 cells were moved to FOCM2 (Table 1 [32] ) and cultured (5 per 20 μl drop; 7.5% CO 2 and 6.5% O 2 ) for 96 h. All media contained NEAA, Ala-Gln, taurine, and albumin (Table 1) . On day 7 of culture (∼168 h postinsemination), blastocyst formation and hatching were evaluated. Morphological classifications were verified by determining the total number of cells in every blastocyst. Embryos with a visible blastocoel cavity containing more than 50 cells were considered blastocysts.
Determination of blastocyst cell number
Blastocysts were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 15-20 min and stored in PBS with 0.5% bovine serum albumin (MP Biomedicals, Solon, OH, USA) until staining. Blastocysts were washed (10 min) in PBS with 0.1% Triton X100 (TX100), permeabilized (60 min) in PBS with 1.0% TX100 (60 min), and nuclei were stained by incubation (20 min) with DAPI (NucBlue Fixed Cell Stain, Thermo Fisher Scientific, Waltham, MA, USA). Stained embryos were washed (10 min, PBS with 0.1% TX100) and mounted on glass slides with ProLong Gold Antifade Reagent (Life Technologies, Thermo Fisher Scientific). The number of nuclei in the blastocyst was counted using a fluorescence microscope and the manual count function in MetaMorph software (Molecular Devices, Sunnyvale, CA, USA).
Assessment of blastocyst metabolism
After 48 h of culture in FOCM2 (120 h of culture in total), embryos were transferred to fresh medium in wells of a 60-well culture dish under oil (1 embryo in 12 μl/well, Nunc Mini Tray 163118, Thermo Fisher Scientific) and cultured (7.5% CO 2 and 6.5% O 2 ) for an additional 48 h (96 h total in FOCM2). On day 7, blastocyst formation and hatching were evaluated and medium (10 μl) was collected from wells in which embryos had developed to the expanded or hatching blastocyst stages. Medium was also collected from wells in the same dish that did not contain an embryo. Medium samples were frozen in liquid nitrogen immediately after collection and stored at -80
• C until analysis. Concentrations of nutrients were determined using gas chromatography (GC) and mass spectrometry (MS) as previously described [40, 41] . Sample aliquots (6 μl) were dried and then methoximated by incubating (45 min, 60 • C) with 12.5 μl of methoxyamine HCL (25 mg/ml) in pyridine. Following sonication (10 min), samples were incubated for 45 min at 60
• C and 12.5 μl of N-methyl-N-trimethylsilyltrifluoroacetamide with 1% trimethylchlorosilane (Thermo Fisher Scientific) was added. After incubation for an additional 30 min at 60
• C, samples were centrifuged (3000× g, 5 min at 4
• C), and cooled to room temperature.
Aliquots (20 μl) of the resulting supernatant were transferred to a 150 μl glass insert in a GC-MS autosampler vial and analyzed using a Trace GC Ultra coupled to a Thermo ISQ mass spectrometer (Thermo Fisher Scientific). Aliquots (1 μl) of each sample were injected in a 1:10 split ratio twice in discrete randomized blocks (n = 2 injections/sample). Separation occurred using a 30-m TG-5MS column (0.25 mm i.d. and 0.25 μm film thickness; Thermo Scientific) with a 1.2 ml/min flow rate of helium gas and a program consisting of 80
• C for 30 s, a ramp of 15
• C/min to 330
• C, and an 8 min hold.
Masses between 50 and 650 m/z were scanned at 5 scans/s after electron impact ionization. Raw data files were converted to .cdf format for relative quantitation. A matrix of molecular features defined by retention time and mass (m/z) was generated using XCMS software in R [42] feature detection and alignment. Raw peak values were normalized against total ion signal in R, outliers were detected based on total signal and principal component 1 of principle component analysis, and the mean area of the chromatographic peak was calculated among replicate injections (n = 2). Features were grouped with RAMclustR [43] , and metabolites were annotated by matching retention index and mass spectra using NIST v11 and v12, Golm, Metlin, and Massbank metabolite databases. Initial experiments indicated that glutamine in the samples was converted to pyroglutamate during sample preparation and/or analysis [41] . Therefore, pyroglutamate concentrations are considered to represent the concentration of glutamine in the samples.
Experiment 1 (EAA Days 1-3)
Although individual EAAs can have differential effects on embryo development [7] , experiments examining dose-dependent effects and relevant interactions for 12 compounds are not logistically feasible [45] . Instead, dilutions of ready-made mixtures of EAA provide a useful experimental approach that has been used by many groups [4, 8, 12, 18] . Data from Guérin et al. [45] indicate that dilutions of these mixtures provide physiologically relevant concentrations for feline embryos (Table 2) . Similarly, feline embryos are often cultured with these same mixtures of amino acids, so studies of the effects of these dilutions are relevant to other published studies [30] [31] [32] [34] [35] [36] . Therefore, to evaluate the effects of EAA on early embryo development (day 1-3), FOCM1 was supplemented with 0, 0.125×, 0.25×, 0.5×, or 1.0× MEM EAA without glutamine (Table 2) . On day 3, embryos (≥4 cells) were transferred to FOCM2 without any EAA for the remainder of the culture period.
Experiment 2, NH4+ Days 1-3
When medium containing amino acids is cultured at ≥37
• C for 96 h, concentrations of NH4+ can reach ∼300 μM depending on the type of Gln present and the concentrations of NEAA and EAA used [18, 19] . Concentrations of 150-300 μM NH4+ are relevant for studying the effects of NH4+ on in vitro embryo development [46, 47] . Therefore, to evaluate the effects of NH4+ on early embryo development (day 1-3) in the cat, FOCM1 without EAA was supplemented with 0, 300, or 600 μM NH4+ (NH 4 Cl, Sigma A9434; Experiment 2). On day 3, embryos (≥4 cells) were transferred to 
Experiments 3 and 4, EAA or NH4+ Days 3-7
Due to the undefined nature of the fetal calf serum used in the original version of FOCM2 [33] , a serum-free culture system had to be developed to evaluate the effects of EAA and NH4+ on the later stages (Day 3-7) of development. For experiments 3-6, a new, defined culture system supplemented with recombinant human albumin (AlbIX, 2.0 mg/ml; Novozymes, Bagsvard, Denmark) was used for IVM, IVF, and both steps of IVC (Table 1) . In experiments 3 and 4, zygotes and embryos were cultured in FOCM1 containing 0× EAA until day 3. Resulting embryos (≥4 cells) were randomly allocated to FOCM2 containing 0, 0.125×, 0.25×, 0.5×, or 1.0× MEM EAA without glutamine (Experiment 3) or 0, 300, or 600 μM NH4+ without EAA (Experiment 4) and cultured for 96 h.
Experiment 5, blastocyst metabolism
Following IVF, all embryos were cultured in FOCM1 containing 0× MEM EAA. On day 3, embryos were randomly allocated to FOCM2 (control) or FOCM2 supplemented with 0.5× MEM EAA or 300 μM NH4+ and cultured for 48 h (Day 3 to 5; 5 embryos per 20 μl drop; 6.5% O 2 ) prior to individual culture (1 embryo per 12 μl medium) for an additional 48 h (Day 5 to 7) in the same medium (control, 0.5× EAA, or 300 μM NH4+) for metabolic assessments. Embryos were cultured with either 0.5× EAA or 300 μM NH4+ because these conditions most closely match conditions used by us and others in other species [16, 19, 40, 47] .
Experiment 6, EAA Days 1-7
Concentrations of EAA in each stage of culture that produced blastocysts with the highest cell numbers were used together in our sequential medium system. At the conclusion of IVF, zygotes and embryos were randomly allocated to one of two culture conditions. Control embryos were cultured in FOCM1 and FOCM2, each containing 0× MEM EAA. Treatment embryos were cultured in FOCM1 containing 0.25× MEM EAA, followed by culture in FOCM2 containing 1.0× MEM EAA. 
Statistical analysis
An incomplete block design was used for experiments 1-5. For each replicate, the number of zygotes (experiments 1, 2, and 5) or embryos (>4 cells, experiments 3 and 4) were randomly allocated to the control and a random selection of treatments depending on the number of presumptive zygotes or embryos available per replicate. Each embryo was scored as a 1 or 0 depending on whether or not it had cleaved (day 3), formed a blastocyst (day 7), or initiated hatching (day 7). For experiments beginning on day 1 (experiments 1, 2, and 5), blastocyst formation and hatching were based on the number of oocytes or cleaved embryos (≥2 cells) that reached each developmental stage. For experiments beginning on day 3 (experiments 3 and 4), blastocyst formation and hatching were based on the number of embryos (>4 cell) that were placed into treatments. Cleavage, blastocyst formation, and hatching were analyzed using the generalized linear mixed model (GLIMMIX) procedure in SAS with a probit link function and binomial error distribution. Blastocyst cell number was analyzed using the mixed model procedures in SAS. For both analyses, the concentration of EAA or NH4+ was analyzed as a fixed factor and replicate (day of oocyte collection) was analyzed as a random factor. For blastocyst metabolism, two analyses were performed in the MIXED procedure of SAS. In the first, metabolite concentrations in medium samples that contained an embryo were compared to concentrations in samples of the same medium (control, EAA, or NH4+) that did not contain an embryo. Significant increases or decreases in the concentration of a metabolite in samples containing an embryo are indicative of production or consumption, respectively, of the metabolite within treatment (control, EAA, or NH4+ ). In the second analysis, metabolite concentrations in medium samples that contained an embryo were normalized to concentrations in samples that did not contain an embryo and expressed as the fold change in the concentration of each metabolite during culture. These values were used to compare the relative amount of each metabolite that was consumed/produced by embryos in different treatments.
In all analyses, pairwise comparisons were made using Fisher's protected least significant difference test and P < 0.05 was considered a significant difference. All means are presented ± SEM.
Results
Experiment 1, EAA Days 1-3
A total of 545 oocytes (75-114 per EAA treatment, 181 control) were cultured in seven replicates. More than 75% of cultured oocytes cleaved to at least the 2-cell stage (range, 75.7-84.0%, Figure 1A ), but embryo cleavage was not affected by the presence of EAA (P > 0.05; Figure 1A ). The proportions of oocytes (range, 39.4-48.2%) and cleaved embryos (range, 47.4-59.8%) that formed blastocysts, and the number of cells per blastocyst (range, 98.5-111.3; Figure 1B ) were unaffected (P > 0.05) by the presence of EAA in the culture medium during the first step of culture.
Experiment 2, NH4+ Days 1-3
A total of 317 oocytes (90-125 per treatment) were cultured in 10 replicates. The proportion of oocytes that cleaved (range, 71.2-77.5%) was not affected (P > 0.05) by the presence of NH4+ in the medium (Table 3) . Blastocyst formation (range, 35.2-45.1% of oocytes or 49.4-58.2% of cleaved embryos) was also unaffected (P > 0.05) by NH4+ in the medium (Table 3) . However, the total number of cells per blastocyst was increased when embryos were cultured in the presence of 600 μM NH4+ (135.5 ± 7.7 cells) compared to embryos cultured with 0 (108.5 ± 7.7 cells; P < 0.01) or 300 (123.9 ± 7.3 cells; P < 0.05) μM NH4+ (Table 3) .
Experiment 3, EAA Days 3-7
Four hundred embryos (>4 cells) from a total of 11 replicates were randomly allocated to treatments (66-71 embryos per treatment, 126 control). The proportion of those embryos that developed to the blastocyst stage (range, 62.9-77.3%) was not affected (P > 0.05) by the presence of EAA in the medium (Figure 2A ). In contrast, the proportion of embryos that initiated hatching was higher (P < 0.01) for embryos cultured with EAA (range, 14.3-18.3%), regardless of concentration, compared to embryos cultured without EAA (0.0%; Figure 2A) . Similarly, the total number of cells per blastocyst was increased (P < 0.001) by all tested concentrations of EAA (range, 148.3-167.8 cells) compared to control embryos (113.2 ± 3.7 cells; Figure 2B ).
Experiment 4, NH4+ Days 3-7
One hundred and ninety-eight embryos (>4 cells) were cultured in seven replicates. The proportion of embryos forming a blastocyst (range, 52.4-69.6%) and the total number of cells per blastocyst (range, 101.6 to 114.1 cells) were not affected (P > 0.05) by the presence of NH4+ in the medium during the second step of culture (Table 3) .
Experiment 5, blastocyst metabolism
Blastocysts (n = 9-12/treatment) cultured in the control medium produced (P < 0.05) both Ala (4.5 ± 0.4× the concentration in medium without an embryo) and Gln (3.8 ± 0.3×; Figure 3 ). The addition of EAA or NH4+ did not affect (P > 0.05) the amount of Gln that was produced (EAA, 3.5 ± 0.3×; NH4+, 3.5 ± 0.2×), but decreased (P < 0.05) production of Ala (EAA, 3.2 ± 0.4×; NH4+, 2.9 ± 0.3×) and stimulated (P < 0.05) the production of urea (EAA, 1.9 ± 0.1×; NH4+, 1.7 ± 0.3×), compared to control embryos ( Figure 4 ). Aspartate (EAA and NH4+) and pyruvate (EAA only) were the only nutrients consumed (P < 0.05). Of the EAA measured in the samples, production, or consumption of Ile, Leu, Lys, Met, Phe, Thr, and Tyr were not detected (P > 0.05). It was not possible to accurately measure Arg or Cys using this technique and His, Trp, and Val were not among the targeted compounds evaluated. Control embryos increased (P < 0.05) the concentration of Pro in the medium compared to embryos cultured with EAA or NH4+, but neither the production (control) or consumption (EAA and NH4+) of Pro resulted in a significant (P > 0.05) change in the concentration of Pro relative to samples of the same medium without an embryo.
Experiment 6, EAA Days 1-7
Six replicates containing a total of 211 oocytes (105 and 106 per treatment) were performed. The proportion of oocytes that cleaved (77.4-81.0%) was not different (P > 0.05) between embryos cultured with or without EAA ( Figure 4A) . However, the proportions of oocytes (P < 0.05) and cleaved embryos (P < 0.01) that formed blastocysts were higher for embryos cultured with EAA (64.2 ± 4.7% and 82.9 ± 4.2%, respectively) compared to control embryos (48.6 ± 4.9% and 60.0 ± 5.3%, respectively; Figure 4A) . Similarly, more (P < 0.001) embryos initiated hatching (32.9 ± 5.2%) when cultured with EAA compared to control embryos (0.0%; Figure 4A ). The total number of cells per blastocyst also increased (P < 0.001) when embryos were cultured with EAA (247.9 ± 12.1 cells) compared to control embryos (123.2 ± 8.1 cells; Figure 4B ).
Discussion
The results of this series of experiments indicate that the effects of EAA and NH4+ on feline embryos differ significantly from those published for embryos from mice, livestock species, and humans. Although EAA have stimulatory effects on embryonic development in other species, reported increases in embryonic development (+0-15%) and blastocyst cell numbers (+5-30 cells) are less pronounced than those observed for feline embryos [8] [9] [10] [11] [12] . The EAA were essential for hatching of feline blastocysts, as hatching was not observed in any of the treatments (control or NH4+) that did not contain EAA (Tables 3 and 4) . Adding EAA to the second step of culture for feline embryos increased the number of cells in the blastocysts (+54 cells), and the proportion of blastocysts containing >200 cells (+37%) compared to embryos cultured with only NEAA and AlaGln (Table 4) . Embryonic development was further improved when optimized concentrations of EAA were included in both the first and second steps of culture, including a 23% increase in the proportion of embryos forming blastocysts, a 33% increase in the proportion of embryos hatching, and an approximate doubling of the number of cells in each blastocyst, with more than 75% of all blastocysts containing >200 cells (Table 4 ). The only other species that has been reported to be so highly dependent on the presence of amino acids is the rabbit embryo, but differences between NEAA and EAA were not evaluated [6] .
In a previous study of EAA for culture of feline embryos, both 0.5× and 1.0× EAA MEM reduced the development of early and late stage embryos [33] . It is not clear why such different results were achieved in these two studies, which used the same base medium, similar densities of embryos (1 embryo per 4-5 μl of medium), and the same concentration of O 2 . One possible explanation is that embryos in the earlier study were derived from in vivo matured oocytes compared to IVM oocytes in the present study. However, in vivo matured oocytes are typically more resistant to environmental stressors compared to IVM oocytes [48, 49, 50 ]. An alternative explanation is that the current study utilized chemicals, including EAA, and plasticware that had been subjected to extensive quality control testing with a sensitive mouse embryo assay [51, 52] . If the batches of EAA used in the previous study were contaminated with one or more substances that were inhibitory to embryo development, it would have been impossible to separate the effects of the EAA from the effects of those contaminants. In the current study, the same batches of EAA used to prepare feline culture media were also used to prepare culture media for murine, bovine, and human embryos, further demonstrating the safety of these batches of EAA and the reliability of the current results [40, 51] . There are also numerous reports of successful development of feline embryos in media containing EAA, suggesting the previously reported negative effects of EAA were an aberration [30] [31] [32] [34] [35] [36] . Essential AA are now routinely used to culture feline embryos in our laboratory and embryonic development has remained consistent with the results presented here.
The beneficial effects of EAA are thought to be related to their roles in protein synthesis and metabolism [53] [54] [55] [56] , but studies of amino acid uptake indicate embryos only take up a small proportion of the total amount of amino acids present in the medium. In studies of human [57] , mouse [17] , bovine [58] , and porcine [59] embryos, the only EAA that was consistently consumed was Arg. A few studies have also reported small, but significant, uptake of Ile and Leu [17, 57, 58, 59] . In our study, we did not detect significant uptake of any of the EAA that were measured (Ile, Leu, Lys, Met, Phe, Thr, or Tyr). Unfortunately, we were not able to accurately measure concentrations of Arg, which is particularly important for cats. Severe hyperammonemia can result within 1 h of feeding cats a diet deficient in Arg due to a lack of intermediates for the urea cycle [26] . Although Arg did not appear to be necessary for feline embryos to tolerate NH4+ in the medium, this EAA may have been responsible for some of the benefits of including EAA in the medium. It is not clear why such high concentrations of EAA are needed in the medium to support development, if embryos only use a small amount of the amino acids present. This discrepancy could be due, in part, to the kinetics of amino acid transporters. For several of the NEAA, the uptake of one AA is affected by the concentrations of other AA in the medium [60] . If similar relationships exist for EAA transporters, an excess of EAA in the medium may be necessary to allow uptake of small quantities of EAA. Alternatively, some of the EAA, most notably Arg and Leu, are potent signaling molecules responsible for activation of the mammalian target of rapamycin pathway, which is associated with protein synthesis and involved with trophectoderm outgrowth [61] . If one or more EAA are acting as signaling molecules, their effects on embryonic development may be independent of amino acid uptake. Studies of embryos from mice, livestock, and humans have demonstrated consistent, negative effects of NH4+ on embryonic development. In the first of these reports, Gardner and Lane [18] found that 150 μM NH4+ would inhibit blastocyst formation and Table 4 . Summary of embryonic development with essential amino acids (EAA) present in the first (day 1-3; Experiment 1), second (day 3-7, Experiment 3), or both stages of culture (day 1-7, Experiment 6) compared to control media without EAA. only 75 μM could reduce blastocyst cell numbers in murine embryos. When embryo transfer experiments were conducted in a subsequent study, concentrations of NH4+ as low as 37.5 μM reduced implantation rates [22] . More recent studies have shown that 18.8 μM NH4+ can reduce the number of cells in the inner cell mass, increase apoptosis, and alter the embryo's metabolic profile [19] . Concentrations between 75 and 150 μM are also inhibitory to the development of bovine [26] and human [62, 63] embryos. In stark contrast to these results, feline embryos exhibited a remarkable resistance to concentrations of NH4+ as high as 600 μM. In other species, early stage embryos are the most sensitive to the effects of NH4+ [47] , yet exposing feline embryos to 600 μM NH4+ from day 1 to 3, the period of culture when the genome of the feline embryo is thought to be activated [64, 65] , actually increased the number of cells in the blastocysts. Since there are many aspects of embryo physiology that are sensitive to NH4+, we cannot say that feline embryos were completely unaffected by NH4+. However, their ability to form blastocysts and maintain blastocyst cell numbers in the presence of 600 μM NH4+ indicates that feline embryos are certainly much more resistant to NH4+ than embryos from other species. Whether this is unique to feline embryos or conserved among all carnivores remains to be determined. To assess the effects of EAA or NH4+ in the culture medium on the metabolism of feline embryos, a GC-MS platform was used to examine the nutrient composition of the medium following embryo culture. The addition of EAA to the medium provides a potential source of NH4+ that is only produced if the embryo metabolizes EAA for use in the tricarboxylic acid cycle [5, 18, 21] . If the EAA are not taken up by the embryo or primarily used as substrates for protein synthesis, little or no NH4+ should be produced, aside from a small amount resulting from spontaneous EAA breakdown. Therefore, similarities between the responses of embryos cultured with EAA and those cultured with NH4+ indicate that the embryos are metabolizing EAA and producing NH4+, which then requires the same metabolic response as the exogenous NH4+. Feline embryos cultured without EAA or NH4+ produced significant amounts of Ala and Gln into the medium, which is consistent with reports from other species (57, Houghton et al., 2002; [17, 40, 58, 59] ). Production of these amino acids is thought to be related to the detoxification of NH4+ [17, 58] . Therefore, it was expected that Ala and Gln production would increase when feline embryos were cultured with EAA or NH4+. However, the amount of Gln produced remained unchanged in the presence of EAA and NH4+ and the amount of Ala produced decreased. Interestingly, feline embryos responded to both EAA and NH4+ by producing urea. Reports of urea production by preimplantation embryos are rare, but a similar observation was recently made by our laboratory for bovine embryos cultured in a similar medium with identical concentrations of NEAA, AlaGln, and EAA [40] . In the presence of EAA, both bovine and feline embryos also consumed Asp, which may be used for the conversion of citrulline to argininosuccinate in the urea cycle [66] . However, Asp also plays other key roles in embryo metabolism that cannot be discounted [67, 68] .
Our results suggest that the metabolism of feline embryos is qualitatively similar to other species, but there is some indication that there may be quantitative differences. Murine and bovine embryos cultured in similar media with identical EAA concentrations [40, 41] , produced Ala and Gln into the medium, increasing concentrations by 1.0-to 1.5-or 2.0-to 2.5-fold, respectively. In the present study, feline embryos increased the amount of Ala and Gln in the medium by 3.0-to 3.5-fold. The relative proportion of urea produced was also higher for feline embryos than what was observed for bovine embryos. While differences between feline and murine embryos may be due to differences in embryo cell number, bovine and feline embryos in these studies had very similar numbers of cells [40] . Determining whether these differences between species are related to NH4+ metabolism or other aspects of embryo physiology will require additional studies and direct comparisons between species.
While the high proportion of embryos that formed blastocysts (>80% of cleaved embryos) and the large number of cells present in those blastocysts (>240 cells) represent significant improvements over the original version of FOCM, additional assumptions about the viability of these embryos should be made with caution. Unfortunately, we did not have access to animals for embryo transfer experiments, which is the best indicator of embryonic viability. Similarly, markers for the trophectoderm and inner cell mass lineages in feline embryos have not yet been established, making it difficult to analyze cell allocation within the blastocysts. An established technique used in our laboratory to determine the numbers of cells in the trophectoderm (CDX2+) and inner cell mass (SOX2+) of murine and bovine embryos [40, 51] is not effective for feline embryos (Herrick, unpublished observations). Whether this indicates differences in the temporal expression of these proteins in feline embryos or limited cross-reactivity of the antibodies with feline proteins was beyond the scope of this study. Perhaps the best measure of the viability of our cultured embryos is the total number of cells relative to reports for in vivo-derived embryos. On day 3 post-ovulation, in vivo-derived feline embryos contain ∼16 cells [33] . On day 6, in vivo produced feline blastocysts contain ∼300 cells and on day 7 this increases to ∼900 cells, suggesting very rapid cell divisions from day 3 to 7 [33, 37] . The discrepancy between the numbers of cells in our in vitro blastocysts cultured with EAA (240 cells) compared to age-matched, in vivo blastocysts (∼900 cells [37] ) is a clear indication that there are still significant deficiencies in the culture environment that affect the rate of cell proliferation and/or apoptosis. However, the addition of EAA to our culture medium in a stepwise fashion represents an important advance in the development of feline-specific culture conditions.
In conclusion, feline embryos benefit from the presence of EAA in culture medium and are uniquely resistant to NH4+ in both the early and late stages of culture. The ability to develop in the presence of EAA and NH4+ may be related to the ability of the embryos to convert NH4+ into Ala, Gln, and urea. As this is the first information available regarding the effects of EAA and NH4+ on the development of embryos from a carnivore, it is impossible to say if our observations are unique to feline embryos or indicative of an adaptation to a high protein diet that might be conserved in other carnivores. Additional work with embryos from other carnivores would provide important comparative information on the diversity of mechanisms used by pre-implantation embryos to metabolize EAA and cope with NH4+.
